exchange rate was reduced by ϳ35% in CF compared with WT villous epithelium. Cl Ϫ /HCO 3 Ϫ exchange in WT and CF villi responded similarly to inhibitors of anion exchange, and membrane depolarization enhanced rates of Cl Ϫ out/HCO 3 Ϫ in exchange in both epithelia. In anion substitution studies, anionin/HCO 3 Ϫ out exchange rates were greater in WT epithelium using Cl Ϫ or NO 3 Ϫ , but decreased to the level of the CF epithelium using the CFTR-impermeant anion, SO 4 2Ϫ . Similarly, treatment of WT epithelium with the CFTR-selective blocker glybenclamide decreased the Cl Ϫ /HCO 3 Ϫ exchange rate to the level of CF epithelium. The mRNA expression of Slc26a3 (downregulated in adenoma) and Slc26a6 (putative anion exchanger-1) was similar between WT and CF duodena. From these studies of murine duodenum, we conclude 1) characteristics of Cl Ϫ /HCO 3 Ϫ exchange in the villous epithelium are most consistent with Slc26a6 activity, and 2) Cl Ϫ channel activity of CFTR facilitates apical membrane Cl Ϫ in/HCO 3 Ϫ out exchange by providing a Cl Ϫ "leak" under basal conditions. bicarbonate secretion; anion exchange; cystic fibrosis; Slc26a; Slc4; mouse THE ALKALINE MUCUS BARRIER of the duodenum plays an important role in protecting the epithelium from damage by acid chyme entering from the stomach (18) . Alkalinity of the surface mucus is sustained by transcellular processes of HCO 3 Ϫ secretion that involve coordination of the activities of the cystic fibrosis (CF) transmembrane conductance regulator (CFTR) and anion exchanger proteins (11, 47, 55) . Under basal, nonstimulated conditions, pH stat studies of CF patients and CF mouse models indicate that bicarbonate secretion by anion exchange predominates in the duodenum (11, 12, 47, 49) . Most studies (12, 47, 49) further show that basal HCO 3 Ϫ secretion is reduced in CF duodenum, but the pathophysiology of this deficiency has not been elucidated. In contrast to basal secretion, it is known that CFTR is essential to cAMP stimulation of HCO 3 Ϫ secretion, a consequence of increased prostanoid and neural activity induced by exposure of the duodenum to the gastric effluent (18) . The mechanism of this process has been an area of intense investigation in recent years. Most controversy surrounds the question of whether CFTR, a cAMPstimulated anion channel (3), provides a conductive pathway for HCO 3 Ϫ ions across the apical membrane of the epithelium. CFTR is permeable to HCO 3 Ϫ but at a reduced level relative to Cl Ϫ (P HCO 3 : P Cl Ϸ 0.25) (22, 44) , and the permeability may be reduced further due to anomalous mole fraction behavior of the channel (57) . However, studies of intact intestine from animal models are consistent with dominance of a HCO 3 Ϫ conductance in that 75-80% of cAMP-stimulated HCO 3 Ϫ secretion is preserved in the absence of luminal (apical) Cl Ϫ , a condition that inhibits the activity of the apical membrane Cl Ϫ /HCO 3 Ϫ exchange proteins (11, 55) . Interpretation of these data must accommodate recent evidence that CFTR permeability to HCO 3 Ϫ is dynamically regulated both by intracellular factors (48) and, important to this discussion, by extracellular Cl Ϫ concentration, i.e., HCO 3 Ϫ permeability increases in the absence of extracellular Cl Ϫ (50). A second model proposed for cAMP-stimulated secretion involves the interaction of CFTR with anion exchange proteins. Studies of pancreatic duct epithelium first postulated that a cAMP-stimulated Cl Ϫ channel (CFTR) indirectly facilitates Cl Ϫ /HCO 3 Ϫ exchange by recycling Cl Ϫ , thus maintaining a favorable outside/inside concentration gradient for Cl Ϫ (40) . Subsequent investigations of other epithelia and heterologous expression systems demonstrated that CFTR activation stimulates Cl Ϫ /HCO 3 Ϫ exchange activity (32, 33) . In the duodenum, studies of brush-border membrane vesicles have shown that Cl Ϫ /HCO 3 Ϫ exchange is increased by cAMP stimulation (15) and evidence of CFTR facilitation of Cl Ϫ /HCO 3 Ϫ exchange in intestinal mucosa was provided by investigations of cAMPstimulated murine duodenum during isolation of carbonic anhydrase activity (11) and inhibition of the NKCC1 Na
Ϫ cotransporter (59). Recent studies (36, 43, 63) have immunolocalized several anion exchange proteins to the apical membrane of intestinal epithelium including at least two members of the sulfate permease family, i.e., Slc26a3 [known as the downregulated in adenoma gene (DRA)] and Slc26a6 [known as the putative anion transporter-1 (PAT-1) or chloride-formate exchanger], and one member of the anion exchanger family, Slc4a9 (i.e., AE4). The Slc26a anion exchangers and CFTR possess PSD-25/Disc-large/zonula occludens-1 (PDZ) domains that enable colocalization of these proteins on the binding sites of scaffolding proteins such as the Na ϩ /H ϩ exchanger (NHE) regulatory factor (31, 35, 52) . Further, studies of recombinant proteins indicate the possibility of direct intermolecular associations between the anion exchange proteins and CFTR. During cAMP stimulation, the STAS domain of Slc26a transporters has been shown to enhance CFTR channel activity, whereas the R domain of CFTR increases Cl Ϫ /base exchange by the anion exchangers (30). Thus our model of the interactions between CFTR and the apical membrane anion exchangers during cAMP-stimulation must be modified to include molecular associations between proteins.
Situated for direct exposure to gastric acid effluent, the villi of the duodenal mucosa are presented with a unique challenge in maintaining a protective alkaline mucus barrier. Although it is well-documented that CFTR expression is greatest in the crypts, CFTR mRNA and protein expression extend to the villous tips and the greatest levels of expression occur in the duodenum (1, 56) . Evidence of CFTR channel activity in the villous epithelium includes X-ray microanalysis of intestinal cryosections from normal and CF jejuna, indicating CFTRdependent Cl Ϫ secretion (41) and BCECF studies of intact duodenum from normal and CF mice demonstrating the presence of a CFTR-dependent HCO 3 Ϫ conductance (20) . In addition to the presence of a functional CFTR, all three of the known apical membrane anion exchangers (DRA, PAT-1, and AE4) in the duodenum have been immunolocalized to the villous epithelial cells (36, 43, 63) . Thus the basic components for HCO 3 Ϫ transport are present, but little is known about the physiology of HCO 3 Ϫ secretion across the abundant mucosal surface area of the villous epithelium.
In the present study, we investigate basal activity of anion exchange across the apical membrane of epithelial cells in the midregion of villi of intact duodenal mucosa from wild-type (WT) and CFTR-null (CF) mice using BCECF microspectrofluorimetry of intracellular pH (pH i ). The duodenal mucosa was mounted in a horizontal Ussing-type chamber that allowed independent superfusion of the luminal and basolateral surfaces of the epithelium. With the use of this system, the characteristics of anion exchange were investigated in the presence or absence of CFTR activity in the villous epithelium.
MATERIALS AND METHODS

Animals.
The experiments in this study used mice 8 -16 wks old that were either homozygous for the S489X mutation of the murine homolog of CFTR (cftr tm1UNC ) or homozygous for the mCFTR ⌬F508 mutation (cftr tm1Kth ) and maintained on a C57BL/6J background (54, 64) . The mutant mice were identified by using a PCRbased analysis of tail snip DNA, as previously described (10) . No significant differences in experimental parameters were noted between the two CF mouse models which were compared with WT littermate mice. All mice were maintained ad libitum on standard laboratory chow (Formulab 5008 rodent chow; Ralston Purina) and drinking water containing an oral osmotic laxative (Schwartz Pharma, Seymour, IN) with the following composition (in g/l): 60.00 polyethylene glycol 3350, 1.46 NaCl, 0.75 KCl, 1.68 NaHCO 3, and 5.68 Na2SO4. The mice were housed singly in a temperature (22-26°C) and light (12:12-h light-dark cycle)-controlled room in the Association for Assessment and Accreditation of Laboratory Animal Care accredited animal facility at the Dalton Cardiovascular Research Center. The mice were fasted overnight before experimentation but were provided with water ad libitum. All experiments involving animals were approved by the University of Missouri Animal Care and Use Committee.
Fluorescence measurement of pH i and image analysis. The method used for imaging intact intestinal epithelium was based on techniques for imaging isolated murine duodenal villi as previously described (20) . Animals were killed by asphyxiation in a 100% CO 2 atmosphere followed by a surgically induced bilateral pneumothorax. The duodenum was removed via an abdominal incision and was immediately placed in an ice-cold, oxygenated Ringer's solution. The duodenal segment was opened along the mesenteric border using sharp dissection and pinned flat with mucosal side down in a Sylgard-filled petri dish. After scoring along one end of the preparation with a scalpel blade, the serosa and muscularis externa were removed along the longitudinal axis by blunt dissection using fine forceps. Dissection was confirmed by histological examination of representative preparations. The muscle-stripped intestinal preparations were mounted luminal (apical) side up on a horizontal bilateral perfusion chamber in which luminal and serosal surfaces were independently bathed. Throughout the experimental period, all duodenal preparations were treated with indomethacin (1 M) and TTX (0.1 M) to minimize the effect of endogenous prostaglandins and neural tone, respectively (6, 51) . To immobilize villi for imaging, the tips of a small percentage (Ͻ1%) of the villi were trapped under strands of a loose nylon mesh that was placed over the mucosal surface of the preparation. 10 .0 glucose, and 6.8 mannitol that was gassed with 95% O2-5% CO2 at 37°C (pH 7.4). As described previously (20, 24) , the duodenal villous epithelium was loaded with BCECF-AM (Fig. 1A) and an area in the midregion of a single, immobilized villus (100 -150 m from the villous tip) was visualized (Fig. 1B) . Approximately 10 epithelial cells were selected for ratiometric analysis using a ϫ40 water immersion objective (Fig. 1C) . Epithelial viability in representative preparations was evaluated by using trypan blue exclusion. Changes in pHi were measured by the dual excitation wavelength technique (440-and 495-nm) and the villi were imaged at a 535-nm emission wavelength. Autofluorescence (in the absence of BCECF) was measured in villous epithelia from six mice and the average emission at each wavelength was subtracted for background correction. Ratiometric images were acquired at 20-s intervals with a Sensi-Cam digital camera (Cooke, Auburn Heights, MI), and images were processed by using Axon Imaging Workbench 2.2 (Axon Instruments, Union City, CA). The 495-to-440-nm ratios were converted to pHi using a standard curve generated by the K ϩ /nigericin technique (5, 58) .
Determination of buffering capacity and base flux. Intracellular buffering capacity (␤i) of WT and CF duodenal villous cells was estimated by the ammonium alkalization technique (60) . Briefly, intact duodenal tissue was mounted in a horizontal bilateral perfusion chamber and loaded with BCECF-AM as described above. The tissue was superfused with a Na ϩ and HCO 3 Ϫ -free ringer containing varying concentrations of NH4Cl. [NH 4 ϩ ]i was calculated from the HendersonHasselbalch equation, and ␤i was determined as ⌬[NH 4 ϩ ]i/⌬pHi. Consistent with previous observations (4, 46) , no differences in ␤i between WT and CF murine intestinal epithelial cells were apparent. Interestingly, the ␤i of the villous epithelial cells in the intact mucosa (31.8 mM at pH 7.6 ) exceeded previous estimates of ␤i in isolated murine colonic crypts (26.7 at pH 7.6 ) and isolated murine duodenocytes (6.4 mM at pH 7.6) (4, 46). The total buffering capacity (␤total) was calculated from the equation: ␤total ϭ ␤i ϩ ␤HCO Measurement of apical membrane anion exchange. Duodenal preparations were typically perfused with IBR on the luminal side. The basolateral superfusate consisted of a Cl Ϫ -free IBR (Cl Ϫ replaced with isethionate Ϫ ) gassed with 95% O2-5% CO2 at 37°C (pH 7.4 ) and contained 1 M EIPA to block the activity of NHE isoform 1 (NHE1). For nominally HCO 3 Ϫ -free solutions, NaHCO3 was replaced equimolar with NaTES and gassed with 100% O2. For solutions with high K
, 75 mM NaCl and Na ϩ -isethionate were replaced equimolar with KCl and K ϩ -isethionate, respectively, in both luminal and basolateral superfusates. Experiments to measure anion exchange consisted of pH i alkalization induced by replacement of luminal Cl Ϫ with isethionate Ϫ on an equimolar basis. After a stable pHi was obtained (ϳ2 min), pHi recovery was initiated by replacing isethionate Ϫ with Cl Ϫ . In some experiments, SO 4 2Ϫ and NO 3 Ϫ were used to replace Cl Ϫ on an equimolar basis during pHi recovery. Rates of anion exchange during alkalization and recovery (⌬pH/⌬t) were calculated from a linear regression of the values from the first 90 s of the initial pH i changes during Cl Ϫ removal and replacement, respectively. For inhibitor studies, 1 mM DIDS was added to the luminal superfusate from a 10-mM stock solution in IBR or 100 M niflumic acid (NFA) was added to the luminal superfusate from a 100-mM stock solution in DMSO. For glybenclamide studies, 100 M glybenclamide was added to the luminal superfusate from a 250-mM stock solution in DMSO.
Northern blot analysis. Northern blot analysis of total mRNA was performed as previously described (9). Total RNA from murine duodenum was extracted by using TRI reagent (Molecular Research Center), according to manufacturer's instructions. RNA was mixed with Glyoxal sample buffer (BioWhittaker Molecular Applications, Rockland, ME), separated by 1% agarose gel electrophoresis and transferred to a Hybond-N ϩ nylon membrane (Amersham Biosciences, Piscataway, NJ). The blot was probed by using ␣-dCTP 32 P-labeled cDNA PCR product for murine DRA (Slc26a3, mDRA), murine PAT-1 (Slc26a6, mPAT-1), and the L32 ribosomal protein.
For the mDRA probe, the RT-PCR product was obtained by using the sense and antisense oligonucleotide primers with the sequences 5Ј-GGTTTAGCATTTGCTCTGCTGG-3Ј and 5Ј-TTACAGTCATGAT-GAGTTCGATG-3Ј. For the mPAT-1 probe, the RT-PCR product was obtained by using the sense and antisense oligonucleotide primers with the sequences 5Ј-GCGACTCTCTGAAAGAGAAGTG-3Ј and 5Ј-TCAGAGTTTGGTGGCCAAAACA-3Ј. Radiographic density of bands was measured by using a Kodak Imaging Station 2000R and expression levels of mDRA and mPAT-1 were normalized to L32.
Materials. The fluorescent dye BCECF-AM was obtained from Molecular Probes (Eugene, OR). TTX was obtained from Biomol International (Plymouth Meeting, PA). All other materials were obtained from either Sigma Aldrich (St. Louis, MO) or Fisher Scientific (Springfield, NJ).
Statistics. All values are reported as means Ϯ SE. Data between two treatment groups were compared by using a two-tailed unpaired Student's t-test assuming equal variances between groups. Data from multiple treatment groups were compared by using a one-way ANOVA with a post hoc Tukey's t-test. A probability value of P Ͻ 0.05 was considered statistically significant.
RESULTS
Cl
Ϫ /HCO 3 Ϫ exchange in villous epithelium of murine duodenum. Cl Ϫ /HCO 3 Ϫ exchange function across the apical membrane of villous epithelial cells using BCECF microfluorimetry has not been previously demonstrated in intact duodenal mucosa. The horizontal Ussing chamber system used in this study allowed separate superfusion of the luminal (apical) and basolateral (serosal) sides of the mucosa. In the basolateral superfusate, Cl Ϫ was replaced by isethionate Ϫ to minimize the contribution of basolateral anion exchange activity and 1 M EIPA was included in the solution to inhibit basolateral NHE1. A standard experimental paradigm (see Fig. 2A superfusate after maximal alkalization by Cl Ϫ removal. As shown in Fig. 2B , the pH i acidified very little for the duration of the experiment (Ͼ10 min). To determine whether the anion exchange process was dependent on HCO 3 Ϫ , CO 2 /HCO 3 Ϫ was removed from the superfusates and the duodenum was treated with 100 M methazolamide to inhibit endogenous carbonic anhydrase activity during the Cl Ϫ substitution protocol. As shown in Fig. 2C secretion, which involves the activity of an apical membrane Cl Ϫ /base exchange process (11, 12, 47, 49) . Several studies show that the rate of HCO 3 Ϫ secretion across CF duodenum is reduced relative to the WT intestine (12, 47, 49) . Therefore, we compared the rates of Cl Ϫ /HCO 3 Ϫ exchange activity in the villous epithelium between CF and WT murine duodena. As shown by the experiment in Fig. 3A , the basal pH i of the villous epithelium is elevated and the rates of alkalization and recovery during Cl Ϫ substitution/replacement are reduced in CF compared with WT duodenum. Cumulative data for several experiments on CF and WT epithelia show that the baseline pH i (Fig. 3B ) is significantly more alkaline in the CF villi, and both the rates of HCO 3 Ϫ influx during Cl Ϫ removal and HCO 3 Ϫ efflux during Cl Ϫ replacement are reduced relative to the WT villi (37 and 30%, respectively; Fig. 3, C and D) . No differences in Cl Ϫ /HCO 3 Ϫ exchange activity were found between duodenal epithelium from the CFTR knockout (cftr tm1UNC )and ⌬F508 mCFTR (cftr tm1Kth ) mice, although it was anticipated that differences in the latter mouse model might exist due to the potential for exchanger interaction with expressed mCFTR mutant protein (29) . However, unlike some ⌬F508 mCFTR mouse models (19) , mRNA expression of the ⌬F508 mCFTR is severely reduced (75-80%) in cftr tm1Kth mice, resulting in intestinal transport properties that more closely resemble the mCFTR knockout intestine (64) .
Properties of apical membrane Cl Ϫ /HCO 3 Ϫ exchange are similar in WT and CF villous epithelia. To determine whether the characteristics of the Cl Ϫ /HCO 3 Ϫ exchange are similar between CF and WT villi, we compared inhibitor sensitivity, transport electrogenicity and anion selectivity of the villous anion exchange process. In inhibitor studies, the effects of two inhibitors of anion exchange, the distilbene DIDS and NFA (8), on Cl Ϫ /HCO 3 Ϫ exchange rate were examined in CF and WT villi (Fig. 4) . DIDS, at a concentration (1 mM) known to inhibit activity of recombinant isoforms of both the Slc26a and Slc4 transport families, had very little effect on the rates of villous epithelial anion exchange when applied to the luminal superfusate in either WT or CF duodenum (Ͻ5%). In contrast, NFA significantly inhibited the rate of Cl Ϫ /HCO 3 Ϫ exchange to a similar degree (60%) in both WT and CF intestine.
Recent studies (29, 39, 62) have indicated that members of the Slc26a family of anion exchangers (i.e., DRA and PAT-1) possess electrogenic properties when examined in recombinant systems. To investigate electrogenic properties of the villous Cl Ϫ /HCO 3 Ϫ exchange process, the K ϩ concentration in both the luminal and basolateral superfusate was increased to 80 mM to depolarize the membrane potential of the villous epithelial cells. As shown in Fig. 5 , cell depolarization significantly increased the mean rate of HCO 3 Ϫ influx during Cl Ϫ removal in both the WT and CF villous epithelium, whereas the mean rate 
Fig. 4. Effect of anion exchange inhibitors on Cl
Ϫ /HCO 3 Ϫ exchange rates in WT and CF villous epithelium. Intact duodenum was superfused in the luminal bath for 5 min with 1 mM DIDS or 100 M niflumic acid (NFA) before luminal Cl Ϫ removal and replacement. In the presence of 1 mM DIDS, the rate of HCO 3 Ϫ efflux (means Ϯ SE) was minimally inhibited in both WT and CF duodena (n ϭ 4). In the presence of 100 M NFA, HCO 3 Ϫ efflux (means Ϯ SE) was reduced by ϳ60% in both WT (n ϭ 5) and CF (n ϭ 4) duodena. Ϫ efflux was significantly reduced in WT but unaffected in CF villous epithelium (n ϭ 8 WT and 4 CF). Control WT and CF duodena were treated with 0.4% DMSO vehicle (n ϭ 8 WT and 3 CF). Bars represent means Ϯ SE. *Significantly different from control. of the hypothesis, we then measured the rates of Cl Ϫ -dependent pH i alkalization and recovery during treatment of the intestine with the CFTR-selective channel blocker, glybenclamide (13) . Preliminary studies using murine duodenum mounted in Ussing chambers indicated that 100 M glybenclamide in the luminal bath inhibited the forskolin-induced short-circuit current by 78% (vehicle ⌬I sc ϭ 187.8 Ϯ 44.1; glybenclamide ⌬I sc ϭ 41.2 Ϯ 8.6 A/cm 2 , n ϭ 4, P Ͻ 0.05). As shown in Fig. 6B , the rate of Cl Ϫ /HCO 3 Ϫ exchange in WT villous epithelium pretreated with glybenclamide was significantly reduced relative to the vehicle (DMSO)-treated epithelium, whereas no change in the rates of Cl Ϫ /HCO 3 Ϫ exchange were apparent in the CF villous epithelium.
The above studies are consistent with the hypothesis that the CFTR facilitation of apical membrane Cl Ϫ /HCO 3 Ϫ exchange requires the anion conductive properties of CFTR. However, an alternative hypothesis is that both SO 4 2Ϫ and glybenclamide reduce the rate of HCO 3 Ϫ efflux by blocking a HCO 3 Ϫ current mediated by CFTR. Although this alternative hypothesis may be consistent with the action of glybenclamide, previous studies (17, 42) show a positive correlation between the expression of CFTR and the anion exchangers, DRA and PAT-1 (23). Therefore, we investigated the mRNA expression of DRA and PAT-1 in the WT and CF proximal intestine. As shown in Fig. 8 , Northern blot analysis indicated only a slight, nonsignificant decrease in DRA (ϳ25%) and essentially no change in PAT-1 mRNA expression in the CF compared with the WT duodenum. Although measures of protein expression or functional studies in knockout mice will be necessary to confirm these findings, the present data do not indicate a major reduction in the expression of DRA in the CF duodenum.
DISCUSSION
In the present study, in situ measurements of epithelial cells from the midregion of duodenal villi demonstrated robust Fig. 7 activity of Cl Ϫ /HCO 3 Ϫ exchange across the apical membrane. Dependence of anion exchange activity on luminal Cl Ϫ was shown by sustained intracellular alkalization during substitution of Cl Ϫ with the impermeant anion, isethionate Ϫ . The process was also found to be primarily HCO 3 Ϫ -dependent in studies in which CO 2 /HCO 3 Ϫ was removed from the luminal and basolateral bathing medium. The rates of alkalization and recovery in the absence of CO 2 /HCO 3 Ϫ (i.e., Cl Ϫ /OH Ϫ exchange) were less than 15 and 24%, respectively, of the rates in the presence of CO 2 /HCO 3
Ϫ . An important observation was the finding that the Cl Ϫ /HCO 3 Ϫ exchange activity in CF duodenal villous epithelial cells was reduced by approximately one-third relative to WT cells. Despite reduced activity, investigations of inhibitor sensitivity and responses during membrane depolarization did not reveal overt differences in the characteristics of the anion exchange process between WT and CF duodenum.
In the inhibitor studies, treatment with the distilbene DIDS reduced Cl Ϫ /HCO 3 Ϫ exchange by less than 5% in both WT and CF villous epithelium. DIDS resistance is consistent with properties reported for recombinant mDRA (37) but not for recombinant mPAT-1 or rat AE4 proteins (27, 28, 62) . In contrast to the effect of DIDS, NFA treatment substantially reduced villous Cl Ϫ /HCO 3 Ϫ activity by an equivalent degree in both WT and CF duodenum. Studies of recombinant hDRA, human PAT-1 (hPAT-1), and mPAT-1 have demonstrated that these proteins are sensitive to NFA (Ref. 8 and Chernova MN, Alper SL, unpublished observations); however, we are unaware of similar studies performed on the mDRA ortholog. Membrane depolarization using high [K ϩ ] medium also produced similar effects on the Cl Ϫ /HCO 3 Ϫ exchange process in WT and CF duodena. In both cases, depolarization enhanced the rate of HCO 3 Ϫ influx during luminal Cl Ϫ removal. Recent studies (27) (28) (29) 62 ) of recombinant mDRA and hPAT-1, but not rat AE4, indicate the transport activity of these proteins exhibit electrogenic properties. In the case of hPAT-1, removal of extracellular Cl Ϫ induces membrane hyperpolarization and has led to the proposal that the apparent stoichiometry of the protein is 1 Cl Ϫ /Ն2 HCO 3 Ϫ (29) In contrast, removal of extracellular Cl Ϫ from cells expressing recombinant mDRA caused membrane depolarization, suggesting an apparent stoichiometry of Ն2 Cl Ϫ /1 HCO 3 Ϫ . It has been further proposed that equal expression of these two exchangers would result in electroneutral activity because of their opposing effects on membrane potential (29 uptake across the apical membrane. Third, treatment of the WT epithelium with the CFTR-selective channel blocker glybenclamide also reduced the rate of Cl Ϫ /HCO 3 Ϫ exchange to a level equivalent with that in CF epithelium. Because the rate of Cl Ϫ /HCO 3 Ϫ exchange was not reduced in the CF epithelium treated with glybenclamide, it is unlikely that the effect of the channel blocker in the WT epithelium was due to nonspecific effects of the compound. The above data support the conclusion that the Cl Ϫ channel function of CFTR facilitates the activity of Cl Ϫ /HCO 3 Ϫ exchange in the villous epithelium of the murine duodenum under basal conditions. However, it should be emphasized that this conclusion only applies to the basal, unstimulated condition and, specifically, to Cl Although the transport studies support the hypothesis that CFTR Cl Ϫ conduction supports Cl Ϫ /HCO 3 Ϫ exchange in duodenal villi, the possibility was raised that reduced Cl Ϫ /HCO 3 Ϫ exchange in the CF epithelium may result from decreased expression of an anion exchanger that does not transport SO 4 2Ϫ , e.g., DRA (8) . However, the mRNA expression of mDRA was not significantly or consistently reduced in the CF duodenum. These data support previous studies which found only slight or no decrease in DRA mRNA expression in the distal intestine of CFTR-null mice (8) , but are contrary to the effect of recombinant CFTR expression on native DRA and PAT-1 expression in pancreatic duct cell lines (23) . Although large changes in DRA expression sufficient to account for the differences in Cl Ϫ /HCO 3 Ϫ exchange activity in the CF duodenum were not apparent from the Northern blot analysis, additional studies measuring surface protein levels will be necessary to fully evaluate the contribution of changes in DRA expression to the reduced rates of Cl Ϫ /HCO 3 Ϫ exchange in the CF duodenum. It was interesting that basal pH i in the CF duodenal epithelium was significantly more alkaline than WT under the conditions of our study. Previous reports of CF pancreatic duct epithelial cell lines have found pH i to be alkaline relative to CFTR-corrected cells, whereas no pH i difference was apparent in primary CF airway epithelial cells (16, 61) . Important to the present discussion, no differences from WT were found in measurements of pH i of isolated enterocytes from both human and murine CF duodena (46, 47) nor in in vivo preparations of intact duodenum from CFTR-deficient mice (24) . However, in the latter study, exposure of the murine duodenum to luminal acid revealed differences in the CO 2 /HCO 3 Ϫ -dependent buffering power in the CF epithelium that was tentatively ascribed to the imbalance resulting from intact HCO 3 Ϫ -loading processes and the absence of a CFTR-mediated HCO 3 Ϫ -unloading mechanism. Similarly, in the present study, the condition of disabling basolateral "housekeeping" pH i regulation by NHE1 (EIPA treatment) and AE2 (basolateral Cl Ϫ removal) potentially accentuated CO 2 /HCO 3 Ϫ -dependent buffering power in the CF duodenal epithelium. HCO The present data are sufficient to allow a tentative conclusion regarding the identity of the predominant apical membrane Cl Ϫ /HCO 3 Ϫ exchanger in the duodenal villous epithelium. However, a major difficulty with this exercise is that the characteristics of the anion exchangers are almost exclusively based on studies of recombinant proteins expressed in heterologous cell systems. Although necessary to isolate the protein's activity, the knowledge derived from those investigations are limited by factors such as expression level, lack of native binding partners, experiments performed at nonphysiological temperatures, and the use of a single splice variant of the proteins. Given these limitations, some comparisons of recombinant protein studies can be drawn with characteristics of Cl Ϫ /HCO 3 Ϫ exchange activity in the villous epithelium. The inhibitor studies indicated a transport process insensitive to DIDS but significantly inhibited by NFA. Although this characteristic is consistent with a report on recombinant murine DRA that showed Ͻ25% inhibition by DIDS (37), additional studies on this and other murine orthologs of anion exchangers may be necessary because the effect of DIDS on the human DRA has remained controversial despite five studies reporting experiments (7, 8, 37, 38, 53) . Another identifying characteristic was shown by studies inducing membrane depolarization with high [K ϩ ] medium which increased the rate of HCO 3 Ϫ influx during luminal Cl Ϫ removal. Membrane depolarization would favor the activity of murine PAT-1, which has been shown to hyperpolarize the cell during Cl Ϫ removal (39) . Because the rate of HCO 3 Ϫ influx was also increased by membrane depolarization in CF epithelium, the aforementioned switching effect of luminal Cl Ϫ removal on CFTR permeability to HCO 3 Ϫ would not be a consideration. Finally, the high rate of SO 4 2Ϫ /HCO 3 Ϫ exchange in the villous epithelium is also consistent with the activity of murine PAT-1.
Studies of murine PAT-1 have shown robust SO 4 2Ϫ transport (39) . In contrast, although DRA has been reported as a sulfate transporter (38, 53) , 35 SO 4 2Ϫ uptake studies of human recombinant DRA show transport rates that are at least three orders of magnitude less than the SO 4 2Ϫ /HCO 3 Ϫ (or Cl Ϫ /HCO 3 Ϫ ) exchange rates measured in the present study, which would be too low to appreciably alter pH i (Ref. 8 ; J. Simpson, unpublished observations). Thus on the basis of the effects of membrane depolarization and high rates of SO 4 2Ϫ transport, the data suggest that mPAT-1 provides a major portion of the anion exchange activity in the villous epithelium of the murine duodenum. However, it should be emphasized that this conclusion only applies to the villous epithelium located in the upper one-half of murine duodenal villi. The contribution of villous PAT-1 Cl Ϫ /HCO 3 Ϫ exchange to the total transepithelial HCO 3 Ϫ secretion and Cl Ϫ absorption across murine duodenum is yet unknown. Previous studies (26) have indicated that DRA Cl Ϫ /HCO 3 Ϫ exchange provides a major contribution to electroneutral HCO 3 Ϫ secretion in the duodenum of several species. Other members of the Slc26a family of anion transporters and AE4 also likely contribute to transepithelial anion transport. Thus the activity of these anion exchange proteins in the lower villous and crypt epithelia, where CFTR expression is greatest, may have a dominant role in transepithelial HCO 3 Ϫ secretion and Cl Ϫ absorption in the duodenum. Additional studies of recombinant proteins and Slc26a anion exchanger knockout mice will be necessary to evaluate these hypotheses.
The results of the present study suggest that CFTR facilitates anion exchange activity in the villous epithelium by providing a Cl Ϫ leak channel that enables sustained Cl exchange activity under basal (nonstimulated) conditions. Physiologically, this mechanism may be important in restoring the alkaline mucus barrier during interdigestive periods. The HCO 3 Ϫ secretory mechanism is compromised in the CF duodenum but the adverse effects of this deficiency may be compensated by increased CO 2 /HCO 3 Ϫ -dependent intracellular buffering power which protects the epithelial cell from acid insult (24) . In WT epithelium, the efficiency of Cl Ϫ recycling for anion exchange is likely increased by colocalization of CFTR with the anion exchanger(s) at the apical membrane. However, it was unnecessary in these studies to postulate a direct regulatory interaction between CFTR and the anion exchangers to explain the passive role of CFTR in facilitating Cl (56) makes it difficult to envision a one-to-one molecular interaction with the anion exchanger(s). On the basis of the relative equality of macroscopic flux rates (10, 21) , it would be anticipated that the number of CFTR channels which transport ϳ1 ϫ 10 6 ions/s may be one to two orders of magnitude less than the number of anion exchangers which transport at 1-5 ϫ 10 4 ions/s (37a). Thus the current model for interactions between CFTR and the Slc26a anion exchangers may require modification for epithelia in which low-levels of CFTR expression provide indirect regulation of Cl Ϫ /HCO 3 Ϫ exchange activity.
